I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems have been shown to improve the capacity of the wireless channel by means of spatial multiplexing (SMX). Transmit precoding (TPC) schemes introduced for multiuser downlink (DL) transmission improve both the power efficiency and cost of mobile stations by shifting the signal processing complexity to the base stations. From the wide range of linear and nonlinear TPC schemes found in the literature, here, we focus our attention on the family of closed-form linear TPC schemes based on channel inversion [1] , [2] , which pose low computational complexity. More recently, spatial modulation (SM) has been explored as a means of implicitly encoding information in the index of the specific transmit antenna (TA) activated for the transmission of the modulated symbols, which offers a low-complexity design alternative [3] . Its central benefits include the absence of interantenna interference and the fact that, in contrast to SMX, it only requires a subset (down to one) of radiofrequency chains compared with SMX. Early work has focused on the design of receiver algorithms for minimizing the bit error ratio (BER) of SM at low complexity [3] - [5] .
In addition to receive processing, recent work has also proposed constellation shaping for SM [6] - [14] . Specifically, the contributions on this topic have focused on three main directions: 1) shaping and optimization of the spatial constellation, i.e., the legitimate sets of activated TAs [6] ; 2) modulation constellation shaping [7] - [9] for the SM transmission where the constellation of the classically modulated bits is optimized; and 3) joint spatial and modulation constellation shaping, in the form of optimizing the received constellation [10] - [14] . Closely related treatises have been focused on applying SM to the receive antennas (RAs) of the communication link, forming the RAbased spatial modulation (RSM) regime [15] , [16] . By means of precoding at the transmitter, this regime aims at transmitting to a reduced a subset of RAs that receive information symbols, whereas the rest of the antennas receive only noise. A dual-layered transmission (DLT) scheme was proposed in [17] , where the spatial symbol is conveyed, not by transmitting a combination of symbols and zeros but by assigning a pair of power levels {P 1 , P 2 } to the received symbols, with the combination of power levels detected at the receiver representing a spatial symbol.
Here, we explore a power-efficient alternative, where the distinction of the power levels in DLT is no longer formed by the aforementioned direct power allocation but rather by allowing the constructive interference to form a subset of received symbols. Indeed, it has been shown that by including simple linear TPC techniques, the aforementioned constructive interference can be exploited to boost the received power of the information symbols in the multiple-input-single-output DL [2] , [18] . Here, we selectively apply this concept to a subset of received symbols to enhance their power levels and convey the spatial symbol, thus reusing interfering power in a power-efficient manner.
The remainder of this paper is organized as follows. Section II introduces the proposed transmission scheme. Section III focuses on the calculation of the computational complexity of the proposed scheme, whereas in Section IV, we discuss the error probability of our approach. Finally, Section V presents our numerical results, and our conclusions are offered in Section VI.
II. DUAL-LAYERED TRANSMISSION BY CONSTRUCTIVE INTERFERENCE

A. System Model
Consider a MIMO system where the transmitter and the receiver are equipped with N t and N r antennas, respectively. For simplicity, unless stated otherwise, in this paper, we assume that the transmit power budget is limited to P = 1. For the case of the closed-form TPCs in [1] and [2] , it is required that N t ≥ N r . The given channel is modeled by r = Ht + w
where r is the vector of received symbols in all RAs, and H is the MIMO channel vector with elements h m,n representing the complexvalued channel coefficient between the nth TA and the mth RA. Furthermore, t is the vector of precoded transmit symbols that will be discussed in the following, and w ∼ CN (0, σ 2 I) is the additive white Gaussian noise at the receiver, with CN (μ, σ 2 ) denoting the circularly symmetric complex Gaussian distribution associated with a mean of μ and a variance of σ 2 .
B. Proposed DLT-CI
The conventional DLT in [17] combines SMX with RSM where the bandwidth efficiency (BE) of conventional SMX MIMO transmission is strictly enhanced. This is achieved by encoding the spatial bits in the RSM fashion in the received power domain, by selecting two distinct nonzero power levels for the transmit supersymbols instead of the conventional 'on-off' RSM transmission. This allows for having nonzero elements throughout the received symbol vector and, therefore, a full SMX transmission in the modulated signal domain. Here, we explore the technique of forming the difference between the received power levels for DLT by actively harvesting the constructive interference at the receiver. This allows for 1) an improved BE of
for DLT with an M -order modulation by transmission of the spatial symbol, where N a denotes the number of higher-power received symbols; for 2) enhanced power efficiency where the spatial symbol is formed by the reuse of interference power instead of power allocation; and for 3) an improved average error performance due to the increased power levels of a subset of symbols by means of constructive interference.
1) Transmitter:
In [2] , Masouros proposed a linear TPC that carefully aligns interference so that it constructively contributes to the desired signal power. In brief, the precoding matrix in [2] is formed as
where
, and R φ = R Φ, with denoting element-wise matrix multiplication and R φ representing the correlation rotation (CR) matrix that contains the elements of the channel correlation matrix R = HH H rotated by the angle-only matrix Φ such that the resulting interference constructively aligns to the received signal. To avoid repetition, see [2] for the details of the formation of R φ , whereas here, we modify the above operation for our proposed technique as detailed in the following. As an enhancement of the conventional DLT in [17] , we employ this concept here by first forming the modulated symbol vector
T where, as opposed to the DLT in [17] , all symbols have the same power. Here, b m i , m i ∈ {1, . . . , M} is a symbol taken from an M -order modulation alphabet that represents the transmitted waveform in the baseband domain conveying log 2 (M ) bits.
We next form the power imbalance at the receiver by allowing constructive interference for the N a -out-of-N r RAs by appropriately adapting the TPC in [2] . Explicitly, we modify the precoding matrix of (3) to selectively allow constructive interference imposed only on the N a "activated" antennas as a means of creating the required datadependent power difference. First, to ensure uniform power for the desired symbol (excluding interference) across all RAs, we employ a normalized version of the channel correlation matrix formulated as Q = Rdiag(R) −1 with ones along its diagonal. We use the operator diag(R) to denote the matrix that has the diagonal elements of R on its diagonal and zeros elsewhere. The normalized CR matrix is then formed as Q φ = Q Φ. We then apply the precoding matrix
where Q k φ = {Q φ } k is the selective CR matrix where the rows in set k are taken from Q φ , whereas the remaining rows are taken from the identity matrix with size N r . Finally, the transmit vector is formed as
where β = 1/ tr(T k T kH ) is the average power normalization factor. In the given equation, k represents the index of the N a activated RAs (the index of the high-power elements in the received vector) conveying log 2
Nr Na bits in the spatial domain. Matrix T k can be thought of as the combined precoding and spatial symbol matrix, which only allows constructive interference to be imposed on the N a RAs as indicated by the spatial symbol k. From (1)-(5), the received signal is given as
where the dual-layered received supersymbol has been formed as s
It can be seen that for the "inactive" RAs, we have
where L is the set of "inactive" antennas. Clearly, for a normalized modulation constellation, these symbols are received at power levels of P L = β 2 . For the rest of the symbols, we have
] is the ith row of Q k φ , and L c is the complementary set of L, i.e., the set of N a "active" antennas. The symbols in (8) are received at higher power levels due to constructive interference [2] . Since for CR precoding, all interfering symbols are constructively aligned to the symbol of interest, for the case of constant envelope modulation, it can be seen that the received power levels obey
Clearly, this constructive interference is what creates the power level separation between the RAs to form the spatial symbol k.
Remark: Note that a number of alternative precoders such as [18] - [24] can be used in conjunction with the proposed approach to accommodate constructive interference for the formation of the power level separation required for DLT. To constrain the computational complexity, here, we employ the low-complexity approach in [2] , as previously detailed.
2) Receiver: At the receiver side, explicit knowledge of the power levels is not required, as long as the detector can distinguish between the power levels. Hence, the receive processing is identical to that for conventional DLT where, first, the N a "active" antenna indexes are detected based on the N a highest received power levels among the RAs-formed by constructive interference-according tô
where J denotes the set of symbols in the spatial domain, and the modulated symbols at all RAs are detected aŝ
where Q denotes the modulation constellation, and b n are the symbols in the modulated symbol alphabet.
III. COMPUTATIONAL COMPLEXITY
Here, we compare the computational complexity of SMX, DLT, and DLT-CI. First, Table I summarizes the computational complexity of each of the techniques, taking into account the dominant operations at the transmitter and the receiver. We assume a quasi-static channel, which is constant for a frame length of F supersymbols. For SMX and DLT, the zero-forcing precoding at the transmitter involves the inversion of the channel matrix that involves a number of N for M -order modulation for each of the N r RAs. The DLT and DLT-CI require an additional stage for the detection of the spatial symbol, which, from (10) , involves N a complex multiplications and N a complex additions for each antenna combination out of the Nr Na combinations in total. Fig. 1 shows the complexity of SMX, DLT, and the proposed DLT-CI for a system with N t = 8 TAs and increasing numbers of RAs N r , with N a = N r /2. For reference, we have assumed a LongTerm Evolution (LTE) Type-2 time-division duplexing (TDD) frame structure for which F = 70, as detailed in [17] . A slow-fading channel is assumed where the channel remains constant for the duration of the frame. It can be seen that the proposed DLT-CI has increased complexity compared with DLT. However, it will be shown in the following results that the improved performance for DLT-CI is worth the added complexity.
IV. ERROR PROBABILITY
The error probability of the proposed scheme can be described by means of the pairwise error probability (PEP) P(s k m → s l n ). By the use of the union bound, the average bit error probability P e can be expressed as [13] ) and the PEP P(s
) of the modulated symbol. These obey the following lemmas.
Lemma 1: The PEP of the spatial symbol for the DLT-CI transmission obeys
where Q(.) denotes the Gaussian Q-function.
Lemma 2:
The PEP for the M -order phase-shift keying (M -PSK) modulated symbol, which is the focus of this work, follows:
Both the above expressions can be straightforwardly derived by adapting the methodology introduced in [17] for the proposed scenario. It is the PEP in (14) that is enhanced for the proposed scheme by allowing constructive interference to increase P i . The tightness of the abovedescribed bound is validated in Section V.
V. NUMERICAL RESULTS
To evaluate the benefits of the proposed technique, this section presents Monte Carlo simulations of the proposed DLT-CI in comparison to conventional approaches. As the superiority of conventional DLT over the most relevant SM and SMX approaches was thoroughly validated in [17] and to limit the congestion in the following graphs, here, we only use conventional DLT and SMX as a reference for comparison. The channel impulse response is assumed to be perfectly known at the transmitter for all techniques. Without loss of generality, unless stated otherwise, we assume that the transmit power is restricted to P = 1. MIMO systems with up to eight TAs employing quaternary phase-shift keying (QPSK), 8-PSK, and 16-PSK modulation are explored, albeit it is plausible that the benefits of the proposed technique extend to larger-scale systems and higher-order modulation. For DLT and DLT-CI, we focus on the case N a = N r /2, which provides the highest BE [17] .
In Figs. 2 and 3 , we show the BER with increasing signal-tonoise ratio (SNR) for QPSK and 8-PSK, respectively. To complete our comparisons, for both scenarios in the figure, we also show the cases where the symbol modulation order used for SMX is increased for some of the spatial streams to achieve the same BE values of = 10 and = 14 with the proposed DLT, for QPSK and 8-PSK, respectively. The figures also show the theoretical bound of (13) on the error probability, which closely matches our simulation results in both cases. Clearly, the DLT scheme has an inferior BER performance compared with SMX due to the additional spatial streams, which is the price paid for its improved BE. DLT-CI outperforms both SMX and DLT as an explicit benefit of the constructive interference exploited as useful signal power, both in the modulated symbol detection and in the formation of the different power levels employed for the spatial symbol transmission. The improved BE of DLT-CI is demonstrated in Fig. 4 , where goodput versus SNR is depicted for the same (8 × 4) MIMO scenario. The goodput here is defined as R = F (1 − P e ) F , where P e is the bit error probability [17] . For reference, we have assumed an LTE Type-2 TDD frame structure for which we have F = 70, as detailed in [17] . Clearly, DLT-CI provides the best goodput performance among the schemes explored.
Our performance comparison is extended to the (8 × 8) MIMO system in Figs. 5 and 6 . The BER performance with increasing SNR is shown in Fig. 5 for the (8 × 8) MIMO system where it can be seen that DLT-CI outperforms both SMX and DLT. Fig. 6 shows the goodput with increasing SNR, where, again, it can be observed that DLT-CI provides the best goodput.
V. CONCLUSION
An enhanced dual-layered DL transmission scheme has been proposed, which combines traditional MIMO SMX with RSM. The proposed scheme improves upon conventional DLT by allowing constructive interference to carry spatial information, as opposed to the fixed power-level split of the conventional DLT in [17] . Our results show that by allowing constructive interference to separate the power levels and convey the spatial symbol, the proposed DLT-CI improves the BE of SMX while, at the same time, the increased power levels of the subset of symbols improve the average error performance of the system.
